Controllable interaction between superconducting qubits is desirable for large-scale quantum computation and simulation. Here, based on a theoretical proposal by Yan et al. [Phys. Rev. Appl. 10, 054061 (2018)] we experimentally demonstrate a simply-designed and flux-controlled tunable coupler with a continuous tunability by adjusting the coupler frequency, which can completely turn off adjacent superconducting qubit coupling. Utilizing the tunable interaction between two qubits via the coupler, we implement a controlled-phase (CZ) gate by tuning one qubit frequency into and out of the usual operating point while dynamically keeping the qubitqubit coupling off. This scheme not only efficiently suppresses the leakage out of the computational subspace, but also allows for the acquired two-qubit phase being geometric at the operating point only where the coupling is on. We achieve an average CZ gate fidelity of 98.3%, which is dominantly limited by qubit decoherence. The demonstrated tunable coupler provides a desirable tool to suppress adjacent qubit coupling and is suitable for large-scale quantum computation and simulation.
As enormous progress has been made towards more complex networks of qubits [1] [2] [3] [4] [5] [6] [7] [8] , superconducting quantum circuits have become a promising implementation for quantum simulation [9] [10] [11] and fault-tolerant quantum computation [12, 13] . Building large circuits requires long coherent times of the qubit, strong inter-qubit interaction for fast and high-fidelity two-qubit gates, and small to zero coupling between qubits when no interaction is needed. For typical planar circuits with transmon or transmon-type qubits connected through fixed capacitors or quantum buses, strong interaction and variable coupling can be achieved by dynamically adjusting the frequencies of the tunable qubits [4, [14] [15] [16] or by applying external microwave drives [17, 18] . Parametric modulation of the frequency of the qubit or the bus has also been used to achieve tunable coupling between qubits [19] [20] [21] [22] [23] [24] [25] [26] [27] . However, these approaches could not fully suppress the parasitic ZZ crosstalk coupling between the qubits, the frequency shift of one qubit depending on the state of another, due to the crosstalk even when they are far detuned. This unwanted qubit interaction could be a limited source to degrade the single-qubit gate performance and to accumulate the entanglement phase error. In addition, because of the requirement of the qubit frequency tunability or the relatively small qubit-qubit detunings, these approaches also suffer from the frequency crowding problem.
At the cost of additional circuit complexity, a tunable coupler can help mitigate the above problems of unwanted interactions and frequency crowding, while achieving a controllable qubit interaction without introducing other nonidealities that limit the gate performance. A wide variety of tunable couplers have previously been designed and demonstrated experimentally [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Tunable coupler is thus desirable for scalable architectures for quantum computation and simulation applications.
In this work, following the theoretical proposal in Ref. 41 we experimentally demonstrate a simply-designed tunable coupler sandwiched between two Xmon qubits in a superconducting circuit [12, [42] [43] [44] . By adjusting the coupler frequency, the qubit-qubit coupling strength can be tuned through a combination of different coupling paths such that a continuous tunability from positive to negative values can be realized. A critical point can be reached to completely turn off the adjacent qubit-qubit coupling. Utilizing the tunable interaction between the two qubits via the coupler, we realize the entangling gates of iSWAP and √ iSWAP with a fidelity of 96.8% and 95.0%, respectively. In addition, we implement a controlled-phase (CZ) gate by tuning the qubit frequency into or out of the operating point, where the two qubit states |11 and |20 are resonant, while dynamically keeping the qubitqubit coupling off by simultaneously tuning the coupler frequency. This scheme not only efficiently suppresses the leakage out of the computational subspace, but also allows for a geometric π phase accumulation on |11 state, which is potentially more robust. We achieve an average CZ gate fidelity of 98.3%. All these gates are dominantly limited by qubit decoherence. The demonstrated tunable coupler provides a simple way to suppress adjacent qubit coupling without degrading the qubit coherence and can be easily applied to large-scale quantum computation and simulation.
Our experimental device consists of three flux-tunable Xmon qubits (Q 1 ,C, Q 2 ) [16, 45, 46] with the middle one C serving as the tunable coupler (henceforth referred as the "coupler"), as shown in Fig. 1(a) . Figure 1(b) is the schematic of the device. The maximum frequencies of the two qubits and the coupler are ω max 1 /2π = 4.961 GHz, ω max 2 /2π = 4.926 GHz, and ω max c /2π = 5.977 GHz. Details of the experimental apparatus and device parameters are presented in the Supplementary Materials [47] . We first briefly discuss the operating principle of the tunable coupler following Ref. [41] . The system can be described by the Hamiltonian: strength between each qubit and the coupler, g 12 is the direct capacitive coupling strength between the two qubits.
In the strong dispersive regime (g i |∆ i |, where ∆ i = ω i − ω c ) and assuming that the coupler mode remains in its ground state, an effective two-qubit Hamiltonian with the variable coupler decoupled can be derived by making the unitary trans- [48, 49] and keeping to second order in g i /∆ i :
whereω i = ω i + g 2 i /∆ i is the dressed frequency and
is the effective coupling strength with 1/∆ = (1/∆ 1 + 1/∆ 2 )/2. The interaction between the two qubits thus consists of the direct capacitive coupling and the indirect virtual exchange coupling via the coupler. If ∆ i < 0 (the coupler's frequency is above both qubits' frequencies), the virtual exchange interaction term (g 1 g 2 )/∆ < 0. Therefore, the effective couplingg can be tuned from negative to positive monotonically with increasing the coupler frequency. Since this coupling tunability is continuous, a critical value ω off c can always be reached to turn off the qubit-qubit couplingg(ω off c ) = 0. When the two qubits are detuned, the ZZ crosstalk coupling ξ ZZ can also be turned off (see below and Supplementary Materials [47] ).
We now demonstrate the tunability of the qubit-qubit coupling strengthg controlled by the coupler's frequency. The experimental pulse sequence is illustrated in Fig. 2(a) . Coherent excitation oscillation between Q 1 and Q 2 as a function of the flux amplitude of f c on the coupler and time t is shown in Fig. 2 two dark dashed lines.
The extractedg indeed varies continuously from positive to negative values and is in good agreement with theoretical calculations (red curve), as shown in Fig. 2(d) . The small discrepancy at large negative coupling regime owes to the deviation of the qubit-coupler coupling from the strong dispersive condition. Given the extracted coupling strength and the frequency detuning of each qubit from the coupler, we can estimate the direct capacitive coupling strength g 12 ≈ 6.74 MHz using Eq. (3). We note that a large negative interaction can be reached with the decrease of the coupler frequency approaching the qubit frequency. However, when the coupler frequency is further reduced to be close to the qubit frequency, virtual excitation approximation of the coupler becomes invalid.
We extract ξ ZZ when the two qubits are detuned at their sweet spots using a Ramsey-type experiment (see Supplementary Materials [47] ), which involves probing the frequency of Q 2 with Q 1 in either its ground or excited state [50, 51] . The measured ξ ZZ also depends on the coupler frequency and is shown in Fig. 2(d) inset. At the critical coupler frequency ω off c ≈ 5.905 GHz, indicated by the red arrow, the measured ξ ZZ /2π ≈ 1 kHz and is limited by the current detection scheme. We utilize simultaneous randomized benchmarking (RB) to verify the isolation of two qubits at this configuration. The simultaneous RB gate fidelities of 99.45% and 99.40% are nearly the same as the individual RB gate fidelities of 99.44% and 99.41% for Q 1 and Q 2 respectively, as shown in Fig. 2 (e). For comparison, when the two qubits are biased in the same configuration as above but with ξ ZZ /2π=−0.45 MHz, the simultaneous RB gate fidelities on both qubits are lowered by about 0.54% (Q 1 ) and 0.93% (Q 2 ). This contrast illustrates the importance of tunable coupler for precise qubit control.
With the tunability of the coupling, we now move to the implementation of two-qubit entangling gates. The iSWAP and √ iSWAP gates are quite natural based on the Hamiltonian of Eq. (2) [35] and their measured χ exp from quantum process tomography (QPT) are presented in Fig. 3 with a gate fidelity of 96.8% and 95.0% respectively. Here we focus on the controlled-phase (CZ) gate. The CZ gate is implemented by using the usual avoided crossing of the non-computational state |20 with the |11 state [ Fig. 4(a) ], which is only accessible to |11 and thus provides the conditional nature of the gate to flip the phase if and only if both qubits are excited [15, [52] [53] [54] .
The fully controllable interaction of the coupler allows for turning the coupler 'on' or 'off' as wish. The ideal scheme of implementing a CZ gate is to have both qubits initialized in the operating point where |11 and |20 have the same energy with the coupling 'off', and then slowly turn on the coupler for proper time to implement the gate. This method can avoid adjusting the qubit frequency, and thus reduce the leakage error. However, the unwanted crosstalk of the XY control lines in our device could degrade single-qubit gate performance because of the zero detuning between ω 12 of Q 1 and ω 01 of Q 2 . Therefore, the qubits are initially detuned and at their sweet spots with the coupling 'off'.
The simplest case is to use rectangular fluxes to simultaneously pulse the qubits to the avoided-crossing point and turn on the coupling. Both our measurement and simulation reveal that the leakage out of |11 can be effectively suppressed in the positive coupling regime rather than the negative one. This is evidenced by the observation of high-frequency oscillations [the middle panel in Fig. 4 (e)], which cause unwanted leakage error. However, due to the weak positive coupling strength, a relatively long gate time (t R = 222 ns) is required to accomplish the CZ gate. The average CZ gate fidelity is 95.5% from the QPT measurement.
To improve the gate fidelity, we use a different scheme to implement the CZ gate, which can not only efficiently suppress the leakage out of the computational subspace but also allow us to perform the gate in the negative coupling regime with larger interaction strength for a shorter gate time. The experimental flux sequence is shown in Fig. 4(b) . We use a gradual flux pulse on Q 2 to tune its frequency to the operating point, while dynamically keeping the coupling 'off'. This dynamically decoupled regime (DDR) is achieved by applying a flux pulse on the coupler with an appropriate pulse shape calculated by Eq. (3) and is further optimized to assure the zero coupling during the whole qubit frequency changing process (the shaded regions). After that, we slowly turn on the coupling by applying another gradual flux pulse on the coupler and wait for proper time for the two-qubit interaction to acquire the π phase shift on |11 . The 'off' state of the coupling in the DDR is confirmed by measuring the population change and phase accumulation of |11 state with the same flux pulses as in The Q 1 frequency is unchanged during the process. A gradual flux pulse (cosine-type for frequency adjustment) on Q 2 is to tune its frequency to the operating point, while a flux pulse on the coupler with an appropriate pulse shape to dynamically keep the coupling 'off' (the shaded regions). The coupling is then turned on by applying another gradual flux pulse on the coupler (cosine-type for coupler frequency adjustment) for proper two-qubit interaction time to acquire the required π phase shift on |11 . delity is improved with an average QPT fidelity of 98.3%. The measured χ exp is shown in Fig. 4(f) . Moreover, the observed two-qubit π phase accumulation is geometric, which is potentially noise resilient to frequency fluctuation during the gate operation. The coupler frequency can be further lowered for a higher coupling strength such that the CZ gate time can be reduced to t D = 68 ns. However, due to a larger leakage between the qubit and the coupler, the gate fidelity is slightly lower. It is worth mentioning that we also consider a synchronization optimization strategy to mitigate leakages from not only the qubit-qubit |01 and |10 swap channel but also the qubit-coupler real energy exchange channel [55] .
In our system, the qubit decoherence error, leakage error, and thermal excitations are the main error sources to limit the gate fidelity. However, the coupler decoherence has little effect on the gate fidelity since it remains in the ground state. Optimization of coupler design for better parameters would be helpful to achieve a higher coupling strength while decreasing the leakage error. Besides, other pulse shapes to turn on the coupling may further suppress the leakage and need future exploration. In addition, improving fabrication technology to minimize crosstalk between XY lines can offer possibility of realizing a more ideal CZ gate [56] .
In summary, we experimentally realize a simple prototype of a flux-controlled tunable coupler. The competition between the positive direct and negative indirect coupling allows for a continuous tunability and for switching off the coupling completely. With this coupler, we implement two-qubit entangling iSWAP, √ iSWAP, and CZ gates. In particular, the CZ gate is realized with fully dynamical control over the qubit-qubit coupling: the coupling is only on at the operating point to acquire a geometric two-qubit phase, while being off during the tuning process of the qubit frequency. We achieve an average CZ gate fidelity of 98.3%, characterized via QPT and dominantly limited by system decoherence. Based on simulation, in the absence of decoherence the CZ gate fidelity could be above 99.99% (see Supplementary Materials [47] ). The demonstrated tunable coupler therefore provides a desirable tool to suppress adjacent qubit coupling and is suitable for large-scale quantum computation and simulation [9] [10] [11] 57] . To study the tunable coupling strength between Q 1 and Q 2 , we consider the system Hamiltonian,
where ω i and η i (i = 1, 2, c) are the frequencies and anharmonicities of Q 1 , Q 2 , and the coupler respectively, a + i and a i are the corresponding raising and lowering operators, g jc (j = 1, 2) is the coupling strength between each qubit and the coupler, and g 12 is the direct capacitive coupling strength between the two qubits.
When we only consider the ground and the first excited states of the Xmon qubits, based on the Schrieffer-Wolff transformation [1, 2] , the effective coupling g between Q 1 and Q 2 would be [3] ,
where ∆ ic ≡ ω i − ω c is the frequency detuning between the qubit and the coupler. To calculate the parasitic ZZ crosstalk coupling ξ ZZ between Q 1 and Q 2 when they are detuned, however, it is not enough to only keep up to the second order in the Schrieffer-Wolff transformation. Here we use the perturbation approach [4, 5] to derive the parasitic ZZ crosstalk coupling to second, third, and fourth order of the Hamiltonian (S1). We define ξ ZZ = ω 11 − ω 01 − ω 10 between Q 1 and Q 2 . The corresponding perturbation terms are:
where ∆ ij ≡ ω i − ω j (i, j = 1, 2, c; i = j). Because g 12 g ic , we omit the g 12 term in the derivation of the fourth order perturbation. Finally, ξ ZZ = ξ
ZZ and the perturbation calculation is compared with the experiment and the numerical simulation based on QuTip [6, 7] , as shown in Fig. S1 . The experiment agrees fairly well with the numerical simulation. The deviation between the experiment and the perturbation calculation may owe to the higher order terms. When the detuning between the coupler and the qubits decreases, we can see a larger deviation, indicating the higher order perturbation terms become more important. The experiment, simulation, and perturbation calculation all reveal that ξ ZZ can be tuned from negative to positive continuously, and thus we can always find a critical point to fully turn off ξ ZZ between Q 1 and Q 2 .
QUANTUM PROCESS TOMOGRAPHY
The two-qubit quantum gates are characterized with quantum process tomography (QPT). Generally, the qubits are initialized to the following 16 states {|g , |e , (|g + |e )/ √ 2, arXiv:1912.10721v2 [quant-ph] 7 Jan 2020 (|g −i |e )/ √ 2} ⊗2 with the proper single-qubit rotations. After the gate that needs to be characterized, the corresponding final two-qubit state is reconstructed from state tomography measurements with 16 pre-rotations {I, X/2, Y /2, X} ⊗2 , where I is the identity operator, X, Y, X/2, and Y /2 are single-qubit π and π/2 rotations around X and Y axes respectively. With the 16 initial states ρ i , the experimental process matrix χ exp can be extracted from the 16 corresponding final states ρ f through ρ f = m,n χ mn E m ρ i E † n [8] , where the basis operators E m and E n are chosen from the set {I, σ x , −iσ y , σ z } ⊗2 .
However, the real experiment is not perfect. For example, the generated ρ i are not ideal due to the initial state preparation errors; the final state tomography could also be nonideal due to the readout errors. To solve this problem, we first use state tomography to characterize the preparation of the initial states. The measured initial states ρ meas i are then used to extract χ exp through ρ f = m,n χ mn E m ρ meas i E † n . The gate process fidelity is finally calculated through F = T r(χ exp χ ideal ), where χ ideal is the ideal process matrix for the corresponding gate.
DEVICE FABRICATION, EXPERIMENTAL SETUP, AND DEVICE PARAMETERS
Our experimental device consists of three flux-tunable Xmon qubits (Q 1 , C, Q 2 ) with the middle one C serving as the tunable coupler. Fabrication of this sample includes three main steps: (1) aluminum deposition onto a c-plane sapphire substrate followed by photolithography and inductivelycoupled-plasma etching to define all the base wiring and resonators; (2) two photolithography processes, aluminum deposition, and wet etching to construct airbridges [9] ; (3) Ebeam lithography with two layer e-beam resists and doubleangle aluminum deposition to make Josephson junctions. Airbridges are mainly used to connect segments of ground planes in order to reduce parasitic slotline modes. We also apply flux trapping holes (square holes of side length of 2 µm) to reduce magnetic vortices loss [10] .
The full parameters of the qubits and the coupler are shown in Table S1 with the coupling capacitances defined in Fig. S2 . Our sample is measured in a dilution refrigerator with a base temperature about 20 mK, and the details of our measure- ment circuit are shown in Fig. S3 . We use two XY control lines to manipulate the qubit states, three flux lines to modify the qubit and the coupler frequencies, and one input-output line to readout both qubits simultaneously. The XY control pulses are generated from a signal generator modulated by a four-channel arbitrary waveform generator (AWG), while flux pulses are directly generated from AWGs. Finally, a broadband Josephson parametric amplifier (JPA) [11] [12] [13] [14] is used for high-fidelity simultaneous single-shot readout. Derivative removal adiabatic gate (DRAG) [15] pulse is used for single qubit rotation to reduce the leakage to higher qubit levels. Due to thermal population of the qubits and the coupler, and non-perfect separation of the ground and excited states for each qubit, the qubit readout results are reconstructed by using Bayes' rule with a calibration matrix:
where F gj and F ej are the readout fidelity for the j-th (j = 1, 2) qubit in the initial steady state without and with a following π rotation respectively. The calibration process is similar to that in Ref. [16] . Besides, we measure the flux-line-crosstalk matrix M z among the flux control lines (both qubits and the coupler) in the device. Although there is no readout cavity for the coupler, the coupler frequency can still be measured through the qubit-coupler dispersive shift (discussed below). The inverse of M z gives the orthogonalization matrix M z which allows for independent control of the only desired qubit or the coupler: The small flux-line-crosstalk is due to the good ground plane connection by using airbridges even though the coupler is geometrically close to the two qubits. Slave trigger
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FIG. S3: Measurement setup. Our measurement circuit contains three AWGs (two Tek5014C and one Tek70002A), three signal generators, and other microwave components. The XY control pulses are generated from a signal generator modulated by the AWG. Flux pulses are generated directly from Tek5014C (for Q1) and Tek70002A (for Q2 and the coupler). Readout signal is amplified by a JPA at the base, a high-electron-mobility-transistor (HEMT) amplifier at 4K and two room-temperature amplifiers, and finally down-converted and digitized by an analog-to-digital converter (ADC).
MORE MEASUREMENT RESULTS

Coupler spectrum and qubit-coupler coupling strength
The coupling between each qubit and the coupler causes a dispersive frequency shift when they are far detuned as:
Such a qubit-coupler dispersive shift can be used to measure the coupler frequency. The experimental results are shown in Fig. S4 .
The coupling strength between each qubit and the coupler can be measured in a swap operation between them. We perform the qubit spectroscopy measurement while varying the coupler frequency and biasing the other qubit far away. The anti-crossing in the spectrum can be seen as shown in Fig. S5 and the qubit-coupler coupling strength g 1c can be extracted. We drive the coupler through the XY control line of Q1 by applying a microwave pulse at variable frequency with a rectangular envelope of a duration of 500 ns, followed by a population measurement of Q2 with a wide selective Gaussian pulse. Inset: schematic of the measurement. The two computational qubits (Q1 and Q2) are shown in blue and green respectively, and the coupler is shown in purple. 
Operation range with negative coupling strength
To perform the iSWAP and √ iSWAP gates, we need to choose an appropriate coupling strength by varying the coupler frequency when the two qubits are tuned into resonance. To tune the qubit and the coupler, we use fast rectangular flux pulses for the measurements shown in Fig. 3 in the main text.
In order to achieve fast two-qubit gate operations, the coupling strength needs to be large. The positive coupling strength is defined and limited by the geometry of the device, while the negative value can be varied by tuning the coupler frequency. However, the coupler frequency cannot be tuned too closed to the qubit frequency for a large negative coupling strength without causing direct energy exchange between the qubit and the coupler, i.e. the leakage out of the computational space. Figure S6(b) is a zoom-in and finer sweep of Fig. 2(b) of the main text. The red dashed line shows an approximate threshold, a lower threshold for the coupler frequency, below which small ripples in the population oscillation of Q 2 start to show up, indicating non-negligible excitation of the coupler. The leakage out of the computational space can also be directly measured by monitoring the population of |11 state when both qubits are excited. The experimental results are shown in Fig. S6(c) . Again, below the threshold of the coupler frequency, the population of |11 state starts to deviate from the desired exponential decay. The experimental sequences for the measurements performed in Figs. S6(b) and S6(c) are shown in Fig. S6(a) .
Qubit coherence
One of the advantages of this prototype of coupler is the flexibility and compatibility to a large-scale architecture. The positive coupling strength is defined by the direct coupling between the two Xmon qubits, while the negative coupling is provided by the coupler. The competition between the positive direct and negative indirect coupling allows for a continuous tunability and for switching off the coupling completely. The change of sign of the coupling strength could also provide a valuable freedom for future quantum simulation applications.
Besides, this coupler scheme can also have little impact on the qubit coherence through careful design, although the coupler is capacitively coupled to both qubits and may offer an additional decay channel to the qubits. In addition, the coupler flux bias line may inductively couple to the qubits and affect their coherence. We measure the qubit coherence times at different coupler frequencies, as shown in Fig. S7 . In the operation range above the threshold, the qubit coherence times remain unaffected regardless of the coupling strength.
Calibration of the CZ gate
We first show the calibration of the standard CZ gate implemented by using rectangular flux pulses. We conduct the Ramsey measurements to extract the single qubit phase φ 01 and the two-qubit conditional phase φ 11 , as shown in Fig. S8(b) . The solid lines are fits to sinusoidal oscillations. A π phase shift between φ 01 and φ 11 curves is observed when both qubits are excited. We correct the single-qubit phases in software to acquire the desired CZ gate with the unitary matrix as diag{1, 1, 1, −1}. The CZ gate fidelity is estimated to be 95.5% on average from the QPT measurement. We use the same method to calibrate the conditional π phase of the CZ gate with the dynamically decoupled regime (DDR) mentioned in the main text. When the coupler frequency is above the threshold for non-negligible excitation of the coupler, the qubit coherence times remain nearly unaffected. Three specific coupling strengths are marked by the black arrows.
SIMULATION OF THE CZ GATE
We simulate the CZ gates with Qutip in Python [6, 7] . First, we confirm the coupler decoherence has little effect on the CZ gates. The coupler frequency can be tuned in a large range. If the coupler frequency is far detuned from its sweet spot, the dephasing of the coupler will increase significantly. We compare the CZ gate fidelities for two cases in which the coupler dephasing time T 2 = 5 µs and T 2 = 0.5 µs, and find there is nearly no difference between them. This is because the coupler remains almost on the ground state for the whole process.
We then simulate the standard CZ gate with rectangular flux pulses. The population evolution of each state with an initial state |Q 1 CQ 2 = |+0+ is shown in Fig. S9(a) , where |+ = (|g + |e )/ √ 2. In this case, the coupler frequency is tuned to 5.337 GHz and the total qubit-qubit coupling is negative. We observe significant high-frequency oscillation The experimental sequences to measure φ10, phase accumulation of |01 with respect to |00 , and φ11, phase accumulation of |11 with respect to |10 . (b) The probabilities of measuring |01 and |11 vs the phase of the second π/2 pulse. The sinusoidal oscillations reveal the phases acquired in the Ramsey measurements for the two-qubit states |01 → e iφ 01 |01 and |11 → e iφ 11 |11 , respectively. The solid lines are fits to sinusoidal oscillations. With a standard CZ gate time of tR=222 ns, a π phase shift between the orange and green curves is observed.
between |101 and |200 . This non-ideality comes from the population exchange between the coupler and the qubit, evidenced by the oscillation between |010 and |100 . The swap oscillation between |001 and |100 is owing to the anharmonicity of the qubits. After a synchronization optimization strategy [17] , we can achieve the fidelity of this type of CZ gate F = 98.75% in 90 ns with no system coherence. As a comparison, the population evolution of each state for the CZ gate with DDR with the same initial state |Q 1 CQ 2 = |+0+ is shown in Fig. S9(b) . In this simulation, the gate time is 120 ns including DDR. The oscillation amplitude between the coupler and Q 1 decreases significantly when the coupler is turned on. If we use a slower cosine rising edge, the oscillation amplitude gets even smaller, but at the cost of a longer operation time. Most importantly, when we slowly turn off the coupler by tuning up the coupler frequency, the swap oscillation between the coupler and Q 1 gets much weaker, so the population of the coupler would slowly oscillate back into the computational space. Based on simulation, this CZ gate fidelity could be as high as F = 99.998% after careful synchronization optimization strategy [17] , provided there is no system decoherence. Given the experimental coherence times, a simulated CZ gate fidelity F = 98.1% is acquired, in good agreement with the measured F = 98.3% in the main text.
Because of the unwanted transitions, we could not acquire a complete geometric π phase for the CZ gate. The simulation shows the geometric contribution to the π phase is about 98.3%. We have to tune the operation point slightly away from the resonance between |101 and |200 to accumulate a small dynamical phase (about 3 degrees) to realize the required π phase.
With the extra degree of freedom provided by the tunable coupler, a more efficient pulse shape could be optimized to achieve a CZ gate with a higher fidelity and lower unwanted leakage in future experiments. This deserves future exploration.
